Abstract Multiple sclerosis (MS) is a chronic autoimmune demyelinating disease of the CNS. Oligodendrocytes, the myelin-forming cells of the central nervous system (CNS), are target cells in MS. Although the etiology of MS is poorly known, new insights suggest oligodendrocyte apoptosis as one of the critical events followed by glial activation and infiltration of lymphocytes and macrophages. A major breakthrough in delineation of the mechanism of cell death, perivascular cuffing, and glial activation came from elucidation of the sphingolipid signal transduction pathway. The sphingolipid signal transduction pathway induces apoptosis, differentiation, proliferation, and growth arrest depending upon cell and receptor types, and downstream targets. Sphingomyelin, a major component of myelin membrane formed by mature oligodendrocytes, is abundant in the CNS and ceramide, its primary catabolic product released by activation of either neutral or acidic sphingomyelinase, serves as a potential lipid second messenger or mediator molecule modulating diverse cellular signaling pathways. Similarly, under certain conditions, sphingosine produced from ceramide by ceramidase is phosphorylated by sphingosine kinases to sphingosine-1 phosphate, another potent second messenger molecule. Both ceramide and sphingosine-1 phosphate regulate life and death of many cell types including brain cells and participate in pathogenic processes of MS. In this review, we have made an honest attempt to compile recent findings made by others and us relating to the role of sphingolipids in the disease process of MS.
Introduction
Sphingolipids are ubiquitous components of all eukaryotic cell membranes, especially the plasma membrane, and are particularly abundant in the nervous system primarily due to galactosylceramide (GalC) in myelin, the fatty insulation wrapped around nerve cells produced by either Schwann cells in the peripheral nervous system (PNS) or oligodendrocytes in the CNS. Structurally, it is composed of a longchain sphingoid base, an amide-linked fatty acid and a polar head group at the position 1. Depending on the head group, sphingolipids are classified into three groups-ceramide, sphingomyelin, and glycosphingolipids. Ceramide has a hydroxyl group at 1 position, sphingomyelin has phosphorylcholine while glycosphingolipids contain carbohydrate head group. Glycosphingolipids are further subdivided into neutral (cerebrosides) or acidic fractions (gangliosides and sulfatides).
Apart from being a structural component of cell membrane, it plays a role in signal transduction. Sphingolipids and its derivatives play important role both in physiological and in pathophysiological processes including MS. The sphingomyelin (SM) pathway is triggered by a diverse range of endogenous and exogenous stimulants including tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), Fas ligands (FasL), anticancer drugs, glucocorticoids, antibody cross-linking, heat shock, ionizing and ultraviolet radiation, serum deprivation, and infection by viruses and bacteria (Kolesnick and Golde 1994; Hannun 1994; Zhang and Kolesnick 1995; Hannun and Obeid 2008; Spiegel and Milstien 2003) . A transient hydrolysis of sphingomyelin, by a specific phospholipase C enzyme known as sphingomyelinases, with concomitant generation of ceramide is observed in response to these apoptosis-inducing stimuli. Although sphingomyelin hydrolysis is the major pathway of ceramide generation, cellular ceramide levels could also be regulated by other mechanisms (e.g., de novo synthesis of ceramide, conversion to complex sphingolipids, phosphorylation by ceramide kinase, and hydrolysis by ceramidases) (Bartke and Hannun 2009 ). Accordingly, another critical second messenger sphingosine-1-phosphate (S1P) is formed from ceramide by the sequential actions of ceramidases and sphingosine kinases. Usually, S1P levels in cells are low and tightly regulated by the balance between its synthesis and degradation. The degradation of S1P is mediated by reversible dephosphorylation back to sphingosine by specific S1P phosphatases and irreversible breakdown by a pyridoxal phosphate-dependent S1P lyase (Spiegel and Milstien 2003; Hannun and Obeid 2008) . Both ceramide and S1P serve to modulate diverse signaling pathways in various cells ranging from proliferation and differentiation to cell cycle arrest and apoptosis (Hannun 1996; Hannun and Obeid 2008; Spiegel and Milstien 2003) . The decision to enter these disparate pathways determining a diverse neurobiological outcome depends on levels and molecular species of lipid second messenger formed, cell types and age, expression of specific receptors, and selective targets coupled to specific signaling pathways.
Multiple Sclerosis (MS)

Pathological Mechanisms Involved in MS
Cytokine Imbalance
Multiple studies have coupled ceramide accumulation to the action of several extracellular cytokines and stress responses. There are substantial data from both animal models and clinical studies that cytokines including TNF-a, IL-1b, IL-2, LTa, LTb, and IFNc are up-regulated in cerebrospinal fluid (CSF) and brain tissue of MS patients (Kunz and Ibrahim 2009; Matei and Matei 2002) . A number of studies have demonstrated that some of these cytokines modulate phospholipid and sphingolipid metabolism (Plo et al. 1999; Singh et al. 1998) .
Among all proinflammatory cytokines studied to date with respect to the modulation of sphingolipid metabolism, TNF-a is definitely the most important one. Many second messenger pathways have been implicated in TNF-mediated signaling, including activation of phospholipase A 2 (PLA2) (Fig. 1 ). Blocking PLA2 with PLA2 inhibitor CHEC-9 shows a remarkable decrease in both the onset and progression of experimental allergic encephalomyelitis (EAE), an animal model of MS (Cunningham et al. 2006; Marusic et al. 2005) , and this has been further corroborated in PLA2 (-/-) mice (Marusic et al. 2008) . Activation of PLA2 causes the release of arachidonic acid (AA) leading to the activation of sphingomyelinases (SMases) that cleave sphingomyelin to form ceramide (Jayadev et al. 1997) . Possible mechanisms of activation of NSMase, the predominant form in oligodendrocytes, include binding of NSMase to the TNF-a receptor-TRADD-FAN (factor that activates NSMase)-caspase 8 complex (Segui et al. 2001) or posttranslational modification of NSMase to increase its affinity for rafts (Tani and Hannun 2007) or transcriptional regulation of NSMase. Therefore, MS-associated proinflammatory cytokines are capable of activating the sphingomyelin cycle in oligodendrocytes, myelin-synthesizing cells in the CNS.
Oxidative Stress
During MS, immune cells attack multiple areas of the brain and spinal cord with the release of large amounts of reactive oxygen species (ROS) leading to oxidative stress. ROS are implicated as mediators of demyelination and axonal damage in both MS and EAE, an animal model of MS (GilgunSherki et al. 2004 ). This increase in ROS level depletes the antioxidant defense potential within the lesion area (Smith et al. 1999) . ROS may damage proteins, lipids, and nucleic acids ultimately leading to cell death (Gilgun-Sherki et al. ). Further, studies from our laboratory have shown that ROS plays a crucial role in cytokine-induced down-regulation of myelin genes in human primary oligodendrocytes (Jana and Pahan 2005) . In addition, ROS might be responsible for trafficking of monocytes through BBB via upregulation of adhesion molecules (Van der Goes et al. 2001) .
Oligodendrocytes are particularly susceptible to oxidative stress. Predisposing factors include their high metabolic rate and ATP requirement for the synthesis of large amounts of myelin membrane, large intracellular stores of iron, abundance of hydrogen peroxide, and the presence of high levels of polyunsaturated fatty acid in myelin sheath, and lower levels of antioxidant molecules (McTigue and Tripathi 2008) . These are discussed below. a) Iron content of oligodendrocytes: Iron, an essential component in brain tissue, serves as a vital cofactor in many biological pathways including the synthesis of neurotransmitters and myelin (Zecca et al. 2004) . Myelin synthesis and maintenance requires relatively high and constant supply of iron. Subsequently, inadequate iron levels are thought to impair myelination and leads to mental retardation (Beard 2007) .
Histochemical stains for iron demonstrate that oligodendrocytes are the predominant cell type in the brain that stains for iron (Zhang et al. 2005; Connor and Menzies 1996; LeVine 1991) . This differential staining arises from the fact that oligodendrocytes have a relatively high metabolic rate and the activity of the enzymes associated with metabolic activity is iron dependent (Beard et al. 2003; Juurlink et al. 1998 ). In addition, ferritin, the major protein involved in iron storage, is abundant in oligodendrocytes (Bartzokis 2004; Zecca et al. 2004 ). This high iron content in oligodendrocytes generate highly toxic hydroxyl radicals by reacting with peroxides through the nonenzymatic Fenton reaction that act on many cellular macromolecules such as DNA, proteins, and lipids (Ferriero 2001 (Halliwell 1992; Jana and Pahan 2007) . In addition, it has been reported that PUFA enhance iron uptake by modulating iron transporters and accelerate apoptotic death (Schonfeld et al. 2007; Brand et al. 2008 ). Similar to oligodendrocytes, neurons also have high content of easily oxidizable polyunsaturated membrane lipids (Bazan 2003) . Docosahexaenoic acid (DHA), a major PUFA in the CNS, is used continuously for the biogenesis and maintenance of neuronal membrane and is a target for lipid peroxidation (Bazan 2003) . Therefore, freeradical attack of PUFA may be responsible for increased sensitivity of oligodendrocytes to oxidative stress. c) Lower levels of oxidative defense molecules: Transcriptional activation of antioxidant enzymes is mediated by antioxidant responsive element (ARE). The transcription factor nuclear factor-erythroid 2-related factor 2 (Nrf2), a basic leucine zipper transcription factor, regulates genetic expression of many protective antioxidant enzymes by binding to the ARE. Under physiological conditions, Nrf2 is bound by actinbound Keap1 and sequestered in the cytoplasm but when oxidative stress sets in; Nrf2 translocates in the nucleus and binds to ARE-regulated genes including superoxide dismutases, catalase, and glutathione peroxidase (Itoh et al. 2003 (Bolton and Paul 2006) . The glutamate levels are significantly higher in CSF of MS patients and correlate with disease severity. Interestingly, the expression of glutamate receptor (GluR1), a Ca 2? -permeable ionotropic AMPA receptor subunit, was up-regulated on oligodendrocytes in active MS lesion borders, but Ca 2? -impermeable AMPA GluR2 subunit levels remain unchanged (Newcombe et al. 2008) . High extracellular glutamate leads to receptor over-activation resulting in Ca 2? entry which activates Ca 2? -dependent proteases, phospholipases, kinases, nitric oxide synthase, and endonucleases (Alberdi et al. 2002) . These enzymes mediate proteolysis, lipid peroxidation, and free-radical generation leading to oligodendrocyte death. In addition, high levels of extracellular glutamate limit the cellular availability of cysteine resulting in glutathione depletion and finally oxidative stress-mediated oligodendrocyte death (Schubert and Piasecki 2001) . Therefore, altered glutamate metabolism may be responsible for increased oxidative stress in oligodendrocytes.
Abnormal Sphingolipid Metabolism
Sphingolipid metabolism is essential for proper myelination since sphingolipids are crucial for synthesis and proper maintenance of the myelin membrane. Disordered sphingolipid content, therefore, leads to decompaction and destabilization of myelin structure. Different pathological signatures of MS such as proinflammatory cytokines, oxidative stress and GluR1 are potent activators of the sphingomyelin cycle in oligodendrocytes (Fig. 1) . For example, TNF-a and IL-1b decrease intracellular GSH and induce the degradation of sphingomyelin to ceramide in rat primary oligodendrocytes, and this effect is blocked by pretreatment of the cells with antioxidants like N-acetyl cysteine (NAC) . Accordingly, there are several evidences of disruptions of sphingolipid metabolism in MS brain that may perturb membrane asymmetry and myelin structure:
• Ceramide levels increase in regions surrounding plaques ).
• Sphingosine (sph) content of NAWM (normal appearing white matter) is increased in MS (Moscatelli and Isaacson 1969) .
• Increased hydroxylated sulfatide in MS white matter (Marbois et al. 2000) .
• Evidence of increased polyunsaturated fatty acid and phosphatidyl serine in EAE (Ohler et al. 2004 ).
• Increased lipid peroxidation products in the form of 4-HNE modified lysine and histidine residues in the white matter of MS (Wheeler et al. 2008 ).
Physiological Role of Sphingolipids
Receptor Clustering
Receptor clustering is a key event in transmembrane signaling in which ceramide serves to initiate fusion of preexisting sphingolipid-rich membrane microdomains into large ceramide-enriched signaling platforms including CD40L (Grassme et al. 2002b ). B cell express CD40 and T cell express CD40L. The interaction between the CD40 ligand with its cognate receptor, CD40, is one of the key events of B-cell activation and is responsible for Ig class switching upon antigenic stimulation. Studies have shown that stimulation of lymphocytes via CD40 ligation results in p53-dependent activation and translocation of ASMase from intracellular stores and the formation of ceramideenriched lipid raft on the extracellular surface of the plasma membrane (Grassme et al. 2002a) . Genetic deficiency of ASMase or neutralization of surface ceramide or destruction of sphingolipid-rich raft prevents CD40 clustering and CD40-initiated cell signaling (Grassme et al. 2002a, b) . In addition, this unique property of ceramide is also responsible for removal of activated T and B cells that would otherwise lead to autoimmune disease. Upon activation, the expression of two key cell surface proteins increases on the surface of T cells. These are Fas and FasL, which are responsible for T cell apoptosis. The importance of Fas and FasL in the removal of activated T cell is underscored in lpr/lpr mice that carry non-functional Fas and spontaneously develop autoimmune disease (Dittel 2000) . Within seconds of Fas engagement by ligand or agonistic antibody, ASMase translocates from an intracellular pool and hydrolyze sphingomyelin to release ceramide that facilitates Fas clustering and recruitment of Fas-associated death domain (FADD) followed by procaspase 8. The association of FADD with procaspase 8 initiates a proteolytic cascade leading to cell death (Cremesti et al. 2002; Grassme et al. 2001) . Therefore, via inducing receptor clustering, ceramide may cause cell death in activated B and T lymphocytes.
Oligodendrocytes Differentiation
Among different brain cells, the development of myelinproducing cells oligodendrocytes has been well-characterized. Oligodendrocytes arise from oligodendrocytes progenitor cells (OPC) that originate from subventricular zones of the brain and migrate along axonal tracts to various regions, where they differentiate into immature and mature oligodendrocytes (Miller 2002; Pfeiffer et al. 1993) . Differentiated oligodendrocytes synthesize large amounts of myelin that is enriched in GalC and its sulphated form sulfatide. These two lipids appear in oligodendrocytes at the stage of transition from proliferative prooligodendrocyte stage to non-proliferative immature oligodendrocyte stage marking a key step in the differentiation of oligodendrocytes (Bansal et al. 1988) . Differentiation of oligodendrocytes is a critical event during brain development culminating in elaboration of the myelin sheath that insulate the axons and regulate nerve conduction. Impaired myelination leads to serious neurological disorders, and mutation or myelin gene deletion has been extensively used to examine this (Greenfield et al. 1977; Trapp and Nave 2008) . Another approach has been to reversibly inhibit oligodendrocytes progenitor cell differentiation by specific monoclonal anti-glycolipid antibody that perturbs myelination: following antibody removal, the oligodendrocytes re-differentiate (Bansal and Pfeiffer 1989) . Together, sphingolipids play a pivotal role in oligodendrocyte differentiation and hence myelination.
Controlling Immunogenicity
The glycolipid GalC is a major component of CNS myelin. Besides, its hydrophilic head group extends from the myelin sheath and is vulnerable to antibody recognition thereby serving as a candidate autoantigen in MS. Furthermore, glycosphingolipid autoreactivity can be induced by bacterial infection as it displays broad structural similarities to the Borrelia burgdorferi glycolipid antigen BbGL-2. Interestingly, GalC is also structurally similar to natural killer T (NKT) cell ligand alpha-galactosylceramide, a Sphingomonas antigen (Blewett 2008) . It has been shown that MS patients have elevated levels of anti-GalC antibodies compared to healthy controls (Kasai et al. 1986 ). Accordingly, anti-GalC antibodies can cause demyelination and degrade myelin basic protein (Raine et al. 1981; Menon et al. 1997) . Lipid antigens are recognized by MHC class I-like molecules CD1 found on microglia and some B cells that then present these lipids to T cell receptors. Studies by Kanter et al. (2006) have shown increased lipid reactivity in the CSF of MS patients compared to controls.
In order to suppress the autoimmune response, the immunogenic property of sphingolipids plays a vital role. For example, NKT cells recognize lipid antigen in the context of CD1 molecule and secrete copious amount of IL-4 upon TCR engagement. Experimental findings have shown that prior stimulation of NKT cells with a-galactosylceramide may protect against EAE (Jahng et al. 2001) . This protection against EAE may be due to shift in the encephalitogenic immune response from Th1 to Th2 mode and an increase in the expression of GATA-3, a key regulator of Th2 cytokines, and a decrease in the expression of T-bet, a key regulator of Th1 cytokines. In addition to GalC, immune responses to lipids including sulfatide, oxidized phosphocholine, oxidized cholesterol, sphingomyelin, and asialo-GM1 also contribute to the pathogenesis of MS (Podbielska and Hogan 2009) . Taken together, sphingolipids are important modulators of immunogenicity.
Stabilization of Myelin
The insulating sheath or myelin that surrounds the core of a nerve fiber or axon is produced in the CNS by oligodendrocytes. This sheath acts like a conduit in an electrical system, ensuring that messages sent by axons are not lost on the way thereby allowing efficient conduction of action potentials down the axon. In addition to this, myelin contains numerous enzymes. Myelin lipids accounts for 70-80% lipid by weight and serves as the matrix in which the myelin proteins are embedded. There are significant hydrophobic interactions between lipids and proteins that facilitates in the maintenance of the myelin structure. In addition, cis or trans interactions between two glycosphingolipids GalC and sulfatide both of which are present in high concentrations in the multilayered myelin sheath is responsible for stabilization of the myelin sheath. This type of interaction between the lipids, cis or trans, was investigated using fluorescent and spin-label probes and antiglycolipid antibodies (Boggs et al. 2000) . Hence, changes in sphingolipid composition may disrupt the membrane organization and lead to breakdown of axon insulation and loss of salutatory conditions.
Facilitation of Fast Nerve Conduction
The presence of the myelin sheath facilitates fast saltatory conduction of the action potential. This property of myelin sheath depends on both the insulating nature of myelin and the clustering of voltage-gated sodium (Na ? ) channels at the nodes of Ranvier. Deficiency of glycolipid including GalC, sulfatide and galactodiglyceride causes breakdown of axon insulation and loss of salutatory conduction (Stoffel and Bosio 1997) . It has been suggested that ablation of the ceramide galactosyltransferase gene in mice may be a promising approach in unraveling the role of glycolipids in the above process (Stoffel and Bosio 1997) .
Pathophysiological Role of Sphingolipids
CNS Inflammation
Neuroinflammatory disorders including MS is associated with chronic neuroinflammation and elevated levels of proinflammatory cytokines, cell adhesion molecules, chemokines, proinflammatory enzymes such as inducible nitric oxide synthase (iNOS) and cyclooxygenase in CNS lesions of patients with MS and animals with EAE (Benveniste 1997; Martin et al. 1992) . Chronic neuroinflammation results in sustained release of inflammatory mediators that works to perpetuate the inflammatory cycle that is more glial activation and further release of inflammatory factors. Recently we have shown that NSMase-NF-jB pathway is responsible for the release of inflammatory mediators from activated glia (unpublished report). Interestingly, knockdown of NSMase, but not ASMase, by either antisense oligonucleotides or chemical inhibitor prevented the induction of proinflammatory molecules (TNF-a, iNOS, IL-1b, and IL-6) and the activation of NF-jB in human primary astroglia. Persistent glial activation and increased proinflammatory cytokine levels may then lead to blood-brain barrier disruption, transvascular leakage, and lymphocyte migration through upregulation of cell adhesion molecules (ICAM-I, VCAM-I, and selectin) expressed on the endothelium of BBB.
Gliosis
Glial activation has been implicated in the pathogenesis of a variety of neurodegenerative diseases including MS. Although activated glia secrete different neurotrophic factors for neuronal survival, it is believed that rapid and severe activation initiates an inflammatory response, leading to neuronal and oligodendrocyte death (Tani et al. 1996; Carson 2002) . We have recently found that NSMase activation is involved in gliosis (unpublished data). Consequently, antisense knockdown of NSMase, but not ASMase, decreased the activation of glia in vivo in the mouse cortex. Earlier Pahan et al. (1998) have shown that ceramide stimulates the activation of NF-jB and the expression of iNOS in primary rat astrocytes. Recently findings from our laboratory have demonstrated NO is an important signal for the upregulation of GFAP in astrocytes (Brahmachari et al. 2006) . In addition to the NSMaseceramide pathway, according to Wu et al. (2008) , the sphingosine kinase 1-S1P receptor signaling also regulates gliosis (Fig. 2) . Deletion of either sphingosine kinase 1 or S1P receptor reduces astroglial proliferation and gliosis. Therefore, it appears that the NSMase-ceramide pathway and/or sphingosine kinase-S1P pathway are important mediators of astroglial activation and gliosis.
Regulation of T Cell Trafficking
The CNS has long been considered to be an immunoprivileged site and exhibited limited immunological responses. While multiple mechanisms contribute to immune privilege, restriction of peripheral leukocyte trafficking from the periphery to the CNS through the BBB is the most critical one. Under physiological conditions, leukocyte entry into the healthy CNS across the BBB is kept at a low level since autoreactive naive T cells undergo negative selection and die by apoptosis. On the other hand, in MS or its prototype animal model EAE, some of these autoreactive cells escape the negative selection and become activated encephalitogenic effector cells that have the potential to initiate immune attack into the CNS. Induction of autoimmune Activated T cells (Th1) expressing S1P receptor interacts with S1P found in blood during inflammation and enters the CNS where they produce proinflammatory cytotoxic products that promote oligodendrocytes death and demyelination. While CD8? T cell directly kill oligodendrocytes through Fas and FasL interaction via ceramide pathway. Similarly, B cells expressing S1PR enters the CNS and become plasma cells killing oligodendrocytes through ADCC pathway (antibody-dependant cell-mediated cytotoxicity). Astrocytes expressing S1PR undergoes gliosis via NSMase-ceramide pathway and utilizes the same pathway to release more proinflammatory cytotoxic products responses against myelin components in the CNS is believed to occur through mechanisms such as molecular mimicry, bystander activation and epitope spreading (Vanderlugt and Miller 2002; Fujinami et al. 2006 ). The activated T cells then proliferate and secrete pro-inflammatory cytokines, which in turn stimulate microglia, macrophages and astrocytes, and recruit B cells (Fig. 2) , ultimately resulting in damage to myelin, oligodendrocytes and axons (Zamvil and Steinman 2003) .
There are mounting evidences to show that S1P receptor (S1PR 1 ) is essential for lymphocyte recirculation egression from both thymus and peripheral lymphoid organs (Rosen and Goetzl 2005) . High levels of S1P are found in blood and lymph than in lymphoid organs (Rosen and Goetzl 2005) . Accordingly, the egress of lymphocytes from lymphoid organs into the blood is dependant on the interaction between S1P with S1PR 1 . Interestingly, FTY720, a S1PR 1 modulator, down-regulates S1PR 1 in lymphocytes and causes lymphocyte sequestration. The molecular basis for the mode of action of the drug FTY720 has been established recently. FTY720, after phosphorylation by sphingosine kinase, forms the active moiety FTY720-phosphate that acts as a high-affinity agonist for G protein-coupled S1PR 1 receptor on thymocytes and lymphocytes, thereby inducing aberrant internalization and degradation of the receptor (Don et al. 2007 ). This renders the cells unresponsive to the serum lipid S1P, and inhibiting their egress from lymphoid organs. Furthermore, in addition to its effect on lymphocyte homing, this drug because of its lipophilic nature crosses the blood-brain barrier and downregulates S1PR 1 expression in astrocytes and thereby reduces astrogliosis and inflammation. This phenomenon indirectly helps in the structural restoration of the CNS parenchyma (Brinkmann 2009 ). Therefore, S1P-S1PR 1 signaling is an important target for controlling T cell homing in MS (Fig. 2) and accordingly, FTY720 has been found to reduce the number of lesions detected on MRI and clinical disease activity in MS patients (Kappos et al. 2006) .
Destabilization of Myelin
Alterations in myelin lipids play a significant role in myelin destabilization and this appear in MS normal appearing white matter prior to evidence of demyelination suggesting that they are causative events in the course of this disease. GalC, the most abundant lipid in myelin, is decreased in myelin from MS normal appearing white matter. Decrease in non-hydroxylated form of GalC play a significant role in destabilization of myelin. Further, disturbances in myelin lipids promote myelin fluidity, decreases myelin adhesion, increases membrane curvature, and promote vesiculation leading to apoptosis (Fraser et al. 1986 ).
Apoptosis
Oxidative stress has been proposed to play an important role in oligodendroglial death in MS (Gilgun-Sherki et al. 2004; Smith et al. 1999) . Interestingly, in vivo oxidation markers have been identified in white matter tissue of MS patients, along with perturbations in glutamate homeostasis, which correlate with disease severity (Gilgun-Sherki et al. 2004; Smith et al. 1999) . However, molecular mechanisms that couple oxidative stress to the loss of oligodendrocytes were poorly understood.
We have recently demonstrated the importance of NSMase-ceramide pathway in mediating oxidative stressinduced apoptosis and cell death of human primary oligodendrocytes. We have found that various oxidative stress-inducing agents, such as superoxide radical produced by hypoxanthine and xanthine oxidase, hydrogen peroxide, aminotriazole capable of inhibiting catalase and increasing intracellular level of H 2 O 2 , or reduced glutathione-depleting diamide induce the activation of NSMase and the production of ceramide in human oligodendrocytes (Jana and Pahan 2007) . It is interesting to note that antisense knockdown of neutral, but not acidic, sphingomyelinase ablates oxidative stress-induced apoptosis and cell death in oligodendrocytes. Back et al. (1998) have also reported that oligodendrocytes are vulnerable to glutathione depletion caused by cystine deprivation, buthionine sulfoximine and diethyl maleate. Moreover, increases in the concentration of extracellular glutamate lead to a sustained activation of oligodendrocyte AMPA/kainate receptors resulting in the production of higher levels of ROS and apoptosis of oligodendrocytes (Benarroch 2009 ). All these evidences suggest that oxidative stress and increased ceramide concentration via NSMase activation may represent an important component in the loss of oligodendrocytes in MS.
Intracellular Signal Transduction Pathways Activated by Sphingolipids in MS
Role of P75 NTR
The discovery that neurotrophins bind to p75 NTR and stimulate SM hydrolysis with subsequent ceramide elevation (Fig. 1) highlights the importance of ceramide in the regulation of survival and death signaling pathways in the CNS. Recent studies on the pathogenesis of MS white matter plaques have revealed upregulated p75 NTR messenger RNA and protein in oligodendrocytes from MS plaques, but not in control white matter (Dowling et al. 1999 ). More interestingly, CNPase and p75 NTR immunoreactivity co-localize with TUNEL staining indicating that the majority of dying cells were p75 NTR expressing oligodendrocytes. Further, the observations that nerve growth factor (NGF) levels are elevated in the CSF of MS patients (Laudiero et al. 1992 ) and that MS lesions contain both apoptotic oligodendrocytes and immature oligodendrocytes with increased p75 NTR expression (Ozawa et al. 1994; Dowling et al. 1999 ) raise the possibility that p75 NTR may play a role in the pathogenesis of MS. In addition, retroviral expression of Trk A in mature oligodendrocytes prevents NGF-induced p75NTR-dependent apoptosis further reinforcing p75 NTR -induced ceramide elevation in this death signaling pathway (Yoon et al. 1998 ).
Role of Fas
Fas/CD95, a member of the TNF receptor (TNFR) superfamily, is expressed on cell surface and is responsible for transducing cell death signals when cross-linked by agonist antibodies or by FasL (Nagata and Golstein 1995) . Immunohistochemical analysis of CNS tissues from MS subjects exhibited elevated Fas expression in oligodendrocytes in chronic MS lesions compared with control subjects (D'Souza et al. 1996) . In such lesions, microglia and infiltrating lymphocytes display intense immunoreactivity to FasL. More interestingly, TUNEL positive cells co-localize with FasL in MS lesions. These interesting observations indicate that Fas-FasL system is involved in observed apoptosis in MS (D'Souza et al. 1996) . In addition, in EAE model, mice mutant for FasL show a significant decrease in disease onset and a remarkable reduction in demyelination (Sabelko-Downes et al. 1999a; Dittel 2000) . It has been found that adoptive transfer of FasL deficient encephalitogenic T cells to wild-type (WT) mice results in partial reduction of disease severity compared with the transfer of WT encephalitogenic T cells, proving that FasL expression by T lymphocytes is important for EAE pathogenesis (Sabelko-Downes et al. 1999a; Dittel 2000) . On the other hand, mice deficient for Fas receptor are partially resistant to EAE induction by immunization with myelin antigens (Probert et al. 2000; Sabelko-Downes et al. 1999b; Dittel 2000) . Hence, encephalitogenic T cells activating Fas signal transduction are crucial for the pathogenesis of EAE. Moreover, treatment with IFN-c increases Fas expression on oligodendrocytes to enhance their susceptibility to FasL-induced apoptosis. Mounting evidences indicate that ceramide is involved in CD95-induced cell death Hannun and Obeid 2008; Spiegel and Milstien 2003) .
Modulation of MAPK Cascades
Mammalian MAPKs include extracellular signal-regulated kinases (ERKs), c-jun N-terminal kinases (JNKs), and p38 subgroups. JNK/p38 and ERK2 are differentially regulated by sphingolipid products in oligodendrocytes supporting that a dynamic balance between ERK2 and JNK/p38 cascades is important in determining the cell fate. It has been shown that ceramide causes sustained activation of p38a in oligodendrocytes and this effect is inhibited by SB203580 and by p38a dominant negative mutant (Hida et al. 1999) . The activation of p38a may be due to a decrease in K? ion influx leading to caspase activation. Further, ceramide is found to inhibit K? ion influx via a ras-and raf-1-dependent pathway in cultured oligodendrocytes (Hida et al. 1998 ) and this inhibition may contribute to ceramideinduced activation of p38a and perhaps an inhibition of ERK2. On the other hand, the same group has delineated that sph and S1P activate ERK2 (Hida et al. 1999 ). According to Bassi et al. (2006) astroglial proliferation by S1P is dependent on G protein-coupled ERK pathway. Therefore, sphingolipids are important regulators of MAPK cascades.
Conclusion
The sphingolipid signaling pathway is an important regulator of cellular signaling in which two lipid second messengers (ceramide and S1P) are major players. Alterations in ceramide and S1P production contribute to autoimmune demyelination in MS. This conclusion is based on the fact that ceramide induces apoptosis of oligodendrocytes and neurons, that S1P mediates lymphocyte egress from lymphoid tissues into the circulation, and that FTY720, a blocker of S1PR 1 , reduces clinical disease activity in MS patients.
Neuronal and oligodendrocyte death underlies the symptoms of many human neurological disorders. Therefore, unraveling the mechanisms involved in rescuing and sustenance of neurons and oligodendrocytes within and near the lesions of patients suffering from different neurodegenerative diseases including MS is of high priority in developing effective therapies. Our findings and those of other investigators indicate that activation of the neutral sphingomyelinase-ceramide pathway via oxidative stress mechanisms plays a cardinal role in the death of oligodendrocytes. On the other hand, S1P interaction with its receptor S1PR1 is needed for the egress of autoimmune cells from lymphoid organs. Taken together, pharmacological inhibitors of neutral sphingomyelinase and/or antagonists of S1P receptor may provide new therapeutic tools to halt the neuroinflammation and demyelination in MS.
